We report a label-free fluorescent aptamer sensor for adenosine based on the regulation of malachite green (MG) fluorescence, with comparable sensitivity and selectivity to other labeled adenosine aptamer-based sensors. The sensor consists of free MG, an aptamer strand containing an adenosine aptamer next to an MG aptamer, and a bridging strand that partially hybridizes to the aptamer strand. Such a hybridization prevents MG from binding to MG aptamer, resulting in low fluorescence of MG in the absence of adenosine. Addition of adenosine causes the adenosine aptamer to bind adenosine, weakening the hybridization of the aptamer strand with the bridging strand, making it possible for MG to bind to the aptamer strand and exhibit high fluorescence intensity. Since this design is based purely on nucleic acid hybridization, it can be generally applied to other aptamers for the label-free detection of a broad range of analytes.
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15 different sequences through iterative steps of selection, amplification, and mutation. Mimicking natural evolution, SELEX is a powerful technique in the laboratory and has resulted in many aptamers that are specific to a wide range of targets from small organic molecules such as adenosine to proteins such as thrombin and even viruses and cells. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] The affinity of the aptamers toward their targets can rival that of antibodies, with dissociation constants in as low as the picomolar range.
10,14 Unlike antibodies, however, aptamers can be selected under nonphysiological conditions and for targets that are either too small or too toxic for antibodies to elicit effective immune responses. 3, 11 Because of the wide range of targets that aptamers can bind specifically, an active and emerging area of research is the transformation of aptamers into sensors for in situ and real-time detection and quantification.
3,15-21 Toward this goal, a number of aptamer-based sensors have been designed and optimized. 3, 20, [22] [23] [24] The design philosophy is to convert the binding event into detectable signal changes, such as fluorescent, [25] [26] [27] [28] [29] [30] [31] [32] [33] colorimetric, 25 ,34-43 magnetic, 44, 45 electrochemical, [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] 57 Among aptamer-based sensors, fluorescent sensors are particularly interesting, in part due to their high sensitivity and feasibility of quantification. However, most current fluorescent aptamer sensors require fluorophore and quencher labeling either at the ends or at the active site of the aptamer molecules. 58 The fluorescence response in a typical fluorescent aptamer sensor is due to a change in the distance between fluorophore and quencher, which in turn is modulated by the presence of the analyte. While these labeled fluorescent sensors have many interesting applications, label-free fluorescent sensors may offer certain advantages, as they cost less due to avoidance of covalent-labeling of fluorophores/quenchers to the nucleic acids. Besides, fluorescent labeling may decrease the performance of the aptamers. In addition, the quencher may not quench fluorescence completely, resulting in high background.
Label-free sensors combining fluorescence enhancement of dyes by intercalation with aptamers have been previously developed.
26,59-63 However, they are usually turn-off sensors, which are not preferred in practice, and limited fluorescence decrease at saturation has been observed. Malachite green (MG) is an organic dye with almost no fluorescence when in solution by itself with a quantum yield of 7.9 × 10 -5
. 64 Grate et al. evolved an RNA aptamer for malachite green, 65 and it was discovered that the fluorescence of MG increased more than 2000 fold when MG was bound to the aptamer. 64 This strong enhancement in fluorescent signal was utilized by Stojanovic and coworkers to design label-free fluorescent sensors. 66 To achieve label-free sensing, they used the MG aptamer as a signaling domain and another aptamer, such as the adenosine aptamer, as a target recognition domain. To ensure that the binding of the target to the aptamer results in binding of MG to the MG aptamer, and thus enhancement of fluorescent signals, the authors designed a communication module in which the binding of target triggers change nucleic acid conformation and binding of MG. 66 Approximately a 3-5 fold increase of MG fluorescence was indeed observed in the presence of targets and the fluorescence increased with increasing target concentrations. However, the authors pointed out that a major limitation of the method, the design of the communication modules, remains a trial and error process. Moreover the communication module may not exist in all aptamers. In addition, it is desirable to increase the fluorescence signal beyond the 3-5 fold increase observed for the adenosine aptamer system noted above. Therefore, to make the labelfree method more general and practical, we herein report the regulation of the fluorescence of malachite green by adenosine, based merely on hybridization energy differences and its application as a label-free turn-on fluorescent sensor for adenosine, with up to a 12-fold increase in fluorescence signal after optimizations. Moreover, the design of the sensor is general and can be applied to other aptamer-based sensors.
EXPERIMENTAL SECTION
Materials. Nucleic acids were purchased from Integrated DNA Technologies, Inc. (Coralville, IA) with standard desalting. No further purification was performed. Malachite green and all other chemicals were purchased from Sigma-Aldrich. Buffers were prepared in Millipore water.
Sensor Preparation. The sensor solution was prepared by dissolving the nucleic acid strands and malachite green in buffer. The solution was then heated to 80°C and cooled down to room temperature in about 1 h to ensure that nucleic acids are hybridized to each other completely.
Because of the poor solubility of adenosine, the highest concentration of the stock solution we can prepare is 50 mM. Thus, during the sensor preparation step, the dilution effect by the addition of adenosine was considered in determining sample concentrations. In a typical procedure at the optimized conditions, 1.11 µM aptamer strand, 1.56 µM bridge 9-6, and 0.67 µM MG were dissolved in 22 mM Tris buffer containing 5.56 mM NaCl, 155.6 mM KCl, and 5.56 MgCl 2. After heating and cooling the solution as described above, 0.45 mL of the prepared solution was mixed with 0.05 mL of 10× adenosine stock solution. After 30 min, the fluorescence of the sample was measured and recorded.
Fluorescent Measurements and Data Analysis. Fluorescence experiments were carried out on a Fluoromax-2 fluorimeter (HORIBA Jobin Yvon inc., Edison, NJ). Emission acquisition mode was used. The sample was excited at 615 nm and the fluorescence at 650 nm was recorded. F/F 0 was plotted as sensor signal. F is the fluorescence of MG after the addition of adenosine. During the optimization procedure, F 0 is the fluorescence of MG before addition of adenosine stock solution. For the sensor calibration curve acquisition, F 0 is the fluorescence of the sensor solution with addition of 0 mM adenosine (water). All the measurements were performed 3 times, and the standard deviation was plotted as the error bar.
Nucleic Acids Sequences. The sequences of the nucleic acids used in the paper are presented in Figure 1 . 65, 67 Bridging strands are named as bridge M-N, in which M is the number of the complementary bases to the MG aptamer and N is the number of the complementary bases to the adenosine aptamer.
Hybridization Energy Calculation. The energy was calculated using IDT SciTools, provided free of charge on the web by Integrated DNA Technologies, Inc. (Coralville, IA) to assist in the design of the system.
RESULTS AND DISCUSSION
Sensor Design. The design of the label-free aptamer fluorescent sensor is shown in Figure 1 . The sensor contains two nucleic acid strands. One is a chimeric conjugate of the adenosine DNA aptamer sequence (in blue) and MG RNA aptamer sequence (in red), called the "aptamer strand" in this work. The other is a DNA strand, called the "bridging strands" (in brown), that contain sequences complementary to both the adenosine and MG aptamers. The sequence of the bridging strand is designed so that the aptamer and bridging strands form a stable complex in buffer at room temperature to prevent the MG aptamer strand from binding MG in the solution if there is no adenosine present. Under this condition, the MG remains free in solution and almost nonfluorescent. In the presence of adenosine, however, the aptamer strand binds adenosine, leaving a fewer number of complementary base pairs between the aptamer strand and bridging strand, which is less stable at room temperature, resulting in release of the bridging strand from the aptamer strand. As a consequence, the fluorescence of the MG increases.
The DNA/RNA chimeric aptamer described herein is expected to be less stable than the all-DNA aptamer but more stable than all-RNA aptamers. The stability can be further improved if the RNA aptamer can be replaced by a DNA aptamer that can be obtained through in vitro selection.
Sensor Optimization. Since there are two aptamers in the design, each with its own optimal buffer condition for performance, a common condition suitable for both aptamer functions should be found first. Although an adenosine aptamer was in vitro selected in a 20 mM Tris-acetate buffer with pH 7.6, 67 it has been reported that adenosine aptamer-based biosensors are effective in a range of pH between 7.4 and 8.3. 33, 57, 68, 69 In addition, the Na + and Mg 2+ concentrations can be varied from 100 to 300 mM and from 0 to 5 mM, respectively. 33,57,68,69 Encouraged by these facts, we used the system developed by Li and co-workers 30 to test the performance of adenosine aptamer in different buffers and found that the sensing performance is similar at pH between 7.4 and 8.4 and concentrations of NaCl between 150 and 300 mM and MgCl 2 between 2 and 5 mM (data not shown).
After confirming the workable range of buffer conditions for adenosine aptamer, we next explored a common buffer condition that is also effective for MG aptamer. Since MG aptamer was selected in 10 mM Na-HEPES buffer at pH 7.4, together with 100 mM KCl and 5 mM NaCl, we decided to use 20 mM Tris (pH 7.4), 145 mM NaCl, and 5 mM MgCl 2 as a compromise between buffers for adenosine and MG aptamers in our first trial to find out if this buffer is effective for MG aptamer. We observed 3 orders of magnitude of fluorescence increase in the presence of the aptamer strand (sequence displayed in Figure 1 ), similar to that reported previously ( Figure S1A in the Supporting Information). 64 The result shows that the aptamer strand in this work and the common buffer condition result in comparable performance as previously reported MG aptamer and buffer conditions.
Since the MG aptamer was selected in buffer containing potassium, we wondered whether replacing NaCl with KCl in the buffer may help to increase the performance of the sensor. We, therefore, tested the sensor performance using bridge 6-5 ( Figure  1 ) in buffers containing 20 mM Tris (pH 7.4), 5 mM MgCl 2 , and 145 mM in total monovalent metal ions but with different combinations of Na + and K + . Our results showed that variation of potassium concentration did not change the signal significantly (by around 10%, Figure S1B in the Supporting Information). Monovalent metal ions are necessary for the MG aptamer affinity because the DNA strand has to fold, during which the negative charge on the DNA backbone has to be neutralized. As K + and Na + have similar ability to help DNA fold, variation of K + concentration did not affect the sensor performance significantly. We decided to use 20 mM Tris (pH 7.4), 5 mM MgCl 2 , 140 mM KCl, and 5 mM NaCl as the optimized buffer to make it as close as possible to the buffer in which MG aptamer was selected. It is worthwhile to point out that since two aptamers are used in this label-free system, each with its own optimized condition, the range of optimal conditions is much narrower than that of the labeled systems.
Having arrived at the buffer conditions, we then investigated the optimal sequence for the bridging DNA strands. The design shown in Figure 1 depends on thermodynamics of DNA hybridization and adenosine and MG binding to their respective aptamers, which include the binding of adenosine to its aptamer, the binding of MG to its aptamer, and the interaction between the aptamer strand and the bridging strand. Although the design can be generally applicable to any aptamers, optimization for the sequence of the bridging DNA is still necessary. For this design to work, several conditions must be met. First, the base parings between the aptamer strand and the bridging strand have to prevent the MG aptamer from binding MG in the absence of adenosine. At the same time, however, the base parings between the aptamer strand and the bridging strand should not inhibit the binding of adenosine if adenosine is present. Finally, once adenosine binds to adenosine aptamer and starts structural switching, the hybridization between the MG aptamer part and the bridging DNA should not be very stable at room temperature to ensure the release of it and binding of the aptamer strand to MG. We first investigated the bridging strand that contains six bases that are complementary to adenosine aptamer 70 and various numbers of bases that are complementary to MG aptamer (bridges 6-6, 7-6, 8-6, 9-6, and 10-6; See Figure 1 for the sequences) . During the optimization procedure, we tried to maximize the fluorescence fold increase upon the addition of the adenosine which was chosen as the signal output of the sensor. Kinetics was an important consideration; we ensured that the equilibrium could be reached in less than 30 min. The sensor was prepared by dissolving 1 µM aptamer strand, bridging strand, and MG in the optimized buffer. Upon addition of 5 mM adenosine to the sensor solution, fluorescence (F/F 0 ; excitation: 615 nm; emission: 650 nm) increases when the number of bridging strand base complementary to MG aptamer increases from 6 to 9, and then deceases when the number is 10 (Figure 2 ). On the basis of these results, we conclude bridge 9-6 is optimal for the sensing application. These aptamer and bridging strands form a stable complex in buffer at room temperature, with a hybridization energy (∆G) of -29.52 kcal/mol, calculated on the basis of IDT SciTools. In the absence of adenosine, such a stable complex prevents the MG aptamer strand from binding MG. However, the six base pairs of the bridging strand to the adenosine aptamer (with a ∆G of -11.03 kcal/mol) are not strong enough to inhibit the binding of the aptamer strand toward adenosine. Therefore, in the presence of adenosine, the aptamer strand binds adenosine, leaving only nine base pairs between the aptamer strand and bridging strand. Such a nine base pair duplex has a ∆G of only -16.55 kcal/mol and is not very stable at room temperature. Thus, some bridging strands are released from the aptamer strands, and the MG aptamers are recovered. As a result, part of the free MG molecules bind the aptamer strand, thereby increasing the fluorescent signal. Optimization of the ratio of the aptamer and bridge 9-6 strands and MG. The nucleic acid strands were kept at 1 µM and MG concentration varied (A); the aptamer strands and MG were kept at 1 µM and 0.6 µM, respectively, and the concentration of bridge 9-6 varied (B).
Since there are three DNA species (the aptamer and bridging strands and MG) in the system, it offers a chance to optimize the ratio of the three species separately to increase the performance of the sensor. First, both DNA strands were kept 1 µM and MG concentration was varied. As presented in Figure 3A , MG ) 0.6 µM has the best performance. We then kept the aptamer strand and MG concentrations to be 1 µM and 0.6 µM, respectively, and varied the concentration of the bridging strand (bridge 9-6). On the basis of the data in Figure 4B , 1.0 µM and 1.4 µM of the bridge 9-6 have similar fluorescence fold increases in the presence of 5 mM adenosine (around 10% difference). We decided to choose 1.4 µM of the bridge 9-6 to ensure the complete hybridization of the aptamer strand to the bridge strand. Therefore, the optimal sensor design is for 1.4 µM bridge 9-6 to be complementary to 1 µM aptamer strand while in the presence of 0.6 µM MG.
Performance of the Sensor. Under the optimal sensor design and buffer conditions, minimal fluorescence was observed in the absence of adenosine (black trace in Figure 4A ). Upon addition of 5 mM adenosine, however, a 12-fold increase in fluorescence was observed (red trace in Figure 4A ), indicating that the binding of adenosine by the adenosine aptamer caused the release of the bridging strand, recovering the affinity of the MG aptamer, which then binds MG, resulting in a fluorescence increase. To quantify concentrations of adenosine based on the increase in MG fluorescence, we measured the saturated fluorescence upon addition of different concentrations of adenosine. The results shown in Figure 4B indicate that the fluorescence of MG increases with an increasing concentration of adenosine, reaching a ∼12-fold fluorescence increase around 5 mM adenosine. The inset of Figure 4B shows the region between 0 and 1 mM adenosine where a linear relationship was observed between adenosine concentration and MG fluorescence. A detection limit of 20 µM was calculated, which is comparable with other adenosine aptamer-based sensors. The sensitivity of the sensor is dependent on the binding affinity of the aptamer. Usually a good aptamerbased sensor has a detection limit that is comparable to the K d value of the aptamer, unless other signal amplification methods are used. We are optimistic that a higher sensitivity for the sensor will be obtained if an aptamer with higher binding affinity is used. It is worthwhile to point out that the binding affinities of the aptamer strand toward adenosine and MG are decreased because of the steric hindrance. However, the detection limit of our sensor is comparable to other adenosine aptamer-based sensors because the affinity of both aptamers is not significantly affected and the label-free design helps to lower the background.
To test the selectivity of the sensor, 5 mM cytidine or uridine, the highest concentration tested for adenosine, was added to the sensor solution and no fluorescence increase was observed (see Figure 4C ). Our results suggest that the sensor is specific to adenosine. Guanidine was not used due to poor solubility.
CONCLUSIONS
We have demonstrated coupling of adenosine aptamer strand with MG aptamer strand through a bridging strand in which the fluorescence of malachite green can be regulated by the presence of adenosine. This system has sensitivity and selectivity comparable to other adenosine sensor systems, with the benefit of not labeling the DNA with fluorophores. More importantly, the design is based purely on DNA hybridizations and, therefore, can be more generally applied to other aptamers for the sensing of a broad range of analytes.
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